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Spin-glass-like behavior caused by Mn-rich Mn(Ga)As nanoclusters in GaAs
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We simulate the indirect exchange interaction between Mn-rich Mn(Ga)As nanoclusters in GaAs
by analytical means. In contrast to the conventional Ruderman-Kittel-Kasuya-Yosida (RKKY) for-
mula which considers the mediation by the carriers in the medium, we also include the contribution
from those inside the clusters. Since the carrier concentration is higher in the clusters, this mod-
ification allows the RKKY oscillation to change sign. Consequently, while the previous approach
only favors ferromagnetism for this system, an antiferromagnetic coupling is in fact possible. Since
the Mn-rich Mn(Ga)As nanoclusters are naturally formed and bound to have different sizes, their
spin orientation is likely to be frustrated due to mixed preferences from different neighbors. We
argue that this is likely the source of the spin-glass-like behavior which plagues this system. By
tuning the size and narrowing its distribution, normal ferromagnetism can be restored with an Curie
temperature higher than previously thought.
PACS numbers: 68.35.Ct, 68.35.Fx, 68.35.Rh, 46.65.+g
DMS (Diluted Magnetic Semiconductors) have been
hailed as a potential spintronic device to integrate the
computing power of CPU and the storage ability of the
hard disc[1, 2, 3]. By intimately coupling them, we hope
to come up with a device that can compute while record-
ing, and vice versa. Besides the ion-implanted samples,
nanoclusters natually formed or embedded in a semicon-
ducting matrix have attracted increasing interest due to
their potential of raising the Curie temperature and rich
magnetic properties[4, 5, 6], e.g., an enhanced magneto-
optical and magnetotransport response that can be ap-
plied to the magneto-optical spatial light modulators
for volumetric recording. When nanoparticles are small
enough to enter the superparamagnetic regime, they be-
have like a giant spin without a permanent magnetic mo-
ment.
The indirect coupling between these magnetic
nanoparticles has been studied in the context of GMR
(Giant Magnetoresistance)[7] for a metallic medium.
Note that, although the underlying mechanism is ex-
pected to follow the theory by Ruderman, Kittel, Kasuya,
and Yosida (RKKY), how the actual coupling between
nanoparticles differs from the conventional one, namely,
between point impurities is not clear. Previous workers
assumed the validity of conventional RKKY formula and
concentrated on the mathematical difficulty of integrat-
ing over spins in a sphere[8, 9], wire, slab, or semi-infinite
plane[10]. Discrepancies[11] were found between their re-
sults and the experiments[7, 11, 12, 13]. We believe the
root of this inconsistency lies in their failure to acknowl-
edge the mediating role of the carriers inside nanoparti-
cles.
This neglect is particularly fatal when the medium
is semiconducting because, while the previous approach
would assume a ferromagnetic coupling for all pairs of
spins, the revised formula actually allows the possibil-
ity of being antiferromagnetic if only the pair distance
varies by as little as a quarter of 5 ∼ 10A - typical Fermi
wavelength for metals. We shall focus on the realistic sys-
tem of Mn-rich Mn(Ga)As nanoclusters in GaAs[14, 15]
in this work, and argue that this oscillatory feature is
intimately related to the spin-glass-like behavior often
observed in this kind of system[15, 16] besides the al-
ready been proposed temperature effect[17]. Armed by
this knowledge, we explore the prospect of using the nan-
oclusters to achieve a higher Curie temperature.
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FIG. 1: Band structure inside the cluster is split by the Zee-
man energy 2V0 due to the internal field, while that in the
matrix is assumed to remain a single band.
When the long-range magnetic order is established
among nanoclusters, we have to consider the Zeeman
splitting for the charge carriers. Since the internal field
in Mn(Ga)As is known to convert its band structure into
half-metallic[18], we duly assign two bands for the car-
riers inside the cluster, as shown schematically in Fig.1,
and different Fermi momenta kFσ can be defined for each
spin σ. In contrast, the splitting in the medium is rela-
tively weak and can be neglected[19]. Let us first calcu-
late the indirect coupling between a spherical magnetic
nanoparticle and a single impurity spin. The general
form of the electron eigenfunction is easiest expressed
in spherical coordinates with the origin set at its center.
Symmetry allows us to separate the variables into
ψlmσ = Slσ(r)Ylm(θ, φ) (1)
where the radial part consists of the spherical Bessel func-
2tions, jl and nl. Since the latter diverges at the origin,
we have to exclude it for r ≤ a:
Slσ(r) =
{
jl(kσr), if r ≤ a;
Alσjl(k
′r) + Blσnl(k
′r), if r ≥ a (2)
where the three momenta are related by
k′2
2m
=
k2↑
2m
+ Vo =
k2↓
2m
− Vo
and the coefficients can be determined by matching the
boundary condition as:
Alσ = (k
′a)2
[
kσ
k′
jl+1(kσa)nl(k
′a)− jl(kσa)nl+1(k′a)
]
Blσ = (k
′a)2
[
jl(kσa)jl+1(k
′a)− kσ
k′
jl+1(kσa)jl(k
′a)
]
Finally, after properly normalizing the eigenfunction
in Eq.(1) by
√
Nlσ ≡ 1/
√
A2lσ +B
2
lσ, we denote it by
Ψk′lmρ. Spatial variation of the magnetization can be
calculated from the eigenfunction obtained above:
〈M(−→R )〉 = s
V
∑
k′<k′
F
∑
lm
[
Ψ∗k′lm↑Ψk′lm↑ −Ψ∗k′lm↓Ψk′lm↓
]
(3)
where s is the spin of carriers and the expectation value
is calculated in normal ordering. One fact that comes in
handy is that these nanoparticles shall be sparsely spaced
in the matrix, namely, their seperation R is much greater
than their size a. This allows us to take the asymptotic
limit of the special function by Taylor expand and retain
just the lowest order term in a/R:
〈M(R)〉 ≈ 2sk′3F
√
Q2 +W 2
cos(2k′FR+ φ(k
′
F ))
(2k′FR)
3
(4)
where φ = − arctan(Q/W ) and Q(k′F ) and W (k′F ) are
constants that depend on the parameters (k′F , a, Vo):
Q(k′F ) =
[−A∗l↑Al↑ +B∗l↑Bl↑
Nl↑
− −A
∗
l↓Al↓ +B
∗
l↓Bl↓
Nl↓
]
W (k′F ) =
[A∗l↑Bl↑ +Al↑B∗l↑
Nl↑
− A
∗
l↓Bl↓ +Al↓B
∗
l↓
Nl↓
]
(5)
Eq.(4) resembles the usual RKKY formula and is sim-
ilar to the previous result[8, 9, 10, 20] which integrated
over all pairs of spins but did not include the contribu-
tion of the carriers inside the clusters. While it is not
surprising to retain the oscillation with respect to 2kFR,
we find the energy obtained from Eq.(4) only becomes
identical to that of the previous work[8, 9, 20] when we
turn off the Zeeman splitting inside the nanoparticles and
set its dispersion relation to be the same as that in the
medium. This implies that (1) our action of matching
the boundary condition is equivalent to their carrying
out the integration over spins inside the clusters; (2) the
coefficient, 2
√
Q2 +W 2, in Eq.(4) can be thought of as
an effective magnetic moment for the cluster; (3) what-
ever new physics that may come out of our inclusion of
the inner carriers must lie in the phase term φ.
By comparing Eq.(4) with the susceptibility expres-
sion, we can write down a Heisenberg-like Hamiltonian
for clusters by reducing them effectively to point spins:
H =
∑
ij
2smk′4F J
2
0
π3~2
cos(2k′FR+ φi + φj)
(2k′FR)
3
~Seff,i · ~Seff,j
(6)
where J0Seff = π
3
~
2
√
Q2 +W 2/mk′F . Detail deriva-
tions of Eq.(6) can be found in our previous article[19].
Finally, we are ready to study the realistic system of
Mn-rich Mn(Ga)As nanoclusters[15] in the GaAs matrix.
The fact[15] that their interface is well-defined and both
are zincblende without obvious dislocations lends cre-
dential to our treating the broundary as being step-like.
The carrier density and the effective mass in GaAs were
roughly 1018 cm−3 and 0.5me, and Mn density in the
clusters was about 10%[15]. When the Mn ions inside the
nanoclusters are aligned, strength of the Zeeman splitting
V0 is estimated to be “NβS × 10%” where Nβ ∼ 3.3 ev
and S = 5/2 for Mn[2, 18].
The interesting phase φ and the effective moment are
plotted against the cluster radius in Fig.2. The previous
approach[8, 20] which predicted only ferromagnetism for
this type of DMS irrespective of the cluster size, is incon-
sistent with the experiment[15]. In contrast, our result
allows the coupling to oscillate with respect to the cluster
size because the Fermi wavelength in the clusters is much
shorter than in the matrix. Resonance-like peaks arise
in Fig.2(b) and (c) whenever cluster radius satisfied the
constraint of quantum interference. Considering the fact
that the size of these naturally formed Mn(Ga)As nan-
oclusters is bound to have a distribution, the spin orienta-
tion of each cluster is likely to be frustrated due to mixed
preferences from different neighbors. We believe that this
frustration may be responsible for the spin-glass-like be-
havior common to this type of system[15, 16]. In order to
be applicable as DMS, the size distribution has to be nar-
rowed to surpress the spin-glass-like phase. We propose
that these nanoparticles be prepared separately and spa-
tially arranged periodically on a substrate before being
blanketed by layers of semiconductor. The coupling en-
ergy of this ideal array of nanoparticles is calculated and
plotted as a function of the cluster size in Fig.3. It shows
that the previous approach[8, 20] is likely to underesti-
mate the optimal Curie temperature by more than three
times. Since the embedded nanoclusters in many aspects
share the same features as the magnetic dopants in DMS,
it is expected that the system under investigation is also
fit for a spin injector.
In conclusion, we calculated the indirect coupling be-
tween the sparsely-spaced Mn-rich Mn(Ga)As nanoclus-
ters in GaAs. The conventional RKKY formula between
point spins is modified by an extra phase term after we
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FIG. 2: (a): The phase term that appears in the inter-cluster
coupling is plotted against the cluster radius. Panels (b)
and (c) show how the effective moment of each cluster varies
with its size. These properties are calculated at 20nm from
the cluster center - the average spacing between neighbor-
ing clusters[15]. Dashed line is the moment obtained by the
first-order Born approximation[19] which is equivalent to the
previous approach[8, 9], and the solid line is our result.
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FIG. 3: Dashed line is the coupling energy obtained by the
first-order Born approximation[19] and the solid line is our
result. The maximum of the latter can be enhanced to more
than three times that by the previous approach[8, 9].
take into account the differnt dispersion relation for carri-
ers across the boundary of nanoclusters. The spin-glass-
like behavior observed experimentally can be explained
by the mixture of ferromagnetic and antiferromagnetic
coupling due to the nonuniformity of the cluster size,
as opposed to the inhomogeneous spatial distribution of
magnetic moments in metal[21]. If the size distribution
can be narrowed, DMS composed of magnetic nanoclus-
ters have the potential of achieving a higher Curie tem-
perature.
We benifit from discussions with Profs. H. H. Lin and
D. W. Wang. Support by the National Science Council in
Taiwan under grant 95-2120-M007-008 is acknowledged.
[1] A. H. MacDonald, P. Schiffer and N. Samarth, Nature
Materials 4, 195 (2005).
[2] H. Ohno, H. Munekata, T. Penney, S. von Molnar, and
L. L. Chang, Phys. Rev. Lett. 68, 2664 (1992); Y. Ohno,
D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, and
D. D. Awschalom, Nature (London) 402, 790 (1999); H.
Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T.
Dietl, Y. Ohno, K. Ohtani, Nature (London) 408, 944
(2000); T. Dietl, H. Ohmo, F. Matsukura, J. Cibert, and
D. Ferrand, Science 287, 1019 (2000); T. Dietl, H. Ohno,
and F. Matsukura, Phys. Rev. B 63, 195205 (2001); D.
Chiba, M. Yamanouchi, F. Matsukura, and H. Ohno, Sci-
ence 301, 943 (2003).
[3] I. Z˘utic´, J. Fabian, S. D. Sarma, Rev. Mod. Phys. 76,
323 (2004)
[4] M. Moreno, A. Trampert, B. Jenichen, L. Daweritz, and
K. H. Ploog, J. Appl. Phys. 92, 4672 (2002).
[5] M. Yokoyama, H. Yamaguchi, T. Ogawa, and M. Tanaka,
J. Appl. Phys. 97, 10D317 (2005).
[6] T. Dietl and H. Ohno, Mater. Today 9, 18 (2006).
[7] J. A. De Toro, J. P. Andres, J. A. GonZa´lez, J. P. Goff, A.
J. Barbero, and J. M. Riveiro, Phys. Rev. B 70, 224412
(2004).
[8] G. M. Genkin and M. V. Sapozhnikov, Appl. Phys. Lett.
64, 794 (1994).
[9] P. Vargas and D. Altbir, J. Magn. Magn. Mater. 167,
161 (1997).
[10] Y. Yafet, Phys. Rev. B 36, 3948 (1987) discussed one-
dimensional systems; for 2-D systems, see B. Fisher and
M. Klein, ibid. 11, 2025 (1975); while D. N. Aristov, ibid.
55, 8064 (1997) covered all possible dimensions.
[11] Y. Qiang, R. F. Sabiryanov, S. S. Jaswal, Y. Liu, H.
Haberland, and D. J. Sellmyer, Phys. Rev. B 66, 064404
(2002).
[12] A. Lopez, F. J. Lazaro, M. Artigas, and A. Larrea, Phys.
Rev. B 66, 174413 (2002).
[13] J. Du, B. Zhang, R. K. Zheng, and X. X. Zhang, Phys.
Rev. B 75, 014415 (2007).
4[14] J. De Boeck, R. Oesterholt, A. Van Esch, H. Bender, C.
Bruynseraede, C. Van Hoof, and G. Borghs, Appl. Phys.
Lett. 68, 2744 (1996)
[15] W. Z. Wang, J. J. Deng, J. Lu, B. Q. Sun, and J. H.
Zhao, Appl. Phys. Lett. 91, 202503(2007)
[16] Y. Sun, M. B. Salamon, K. Garnier, and R. S. Averback,
Phys. Rev. Lett. 91, 167206 (2003).
[17] A. G. Petukhov, Igor Z˘utic´, and Steven C. Erwin, Phys.
Rev. Lett. 99, 257202 (2007)
[18] S. Sanvito, P. Ordejo´n, and N. A. Hill, Phys. Rev. B 63
165206 (2001)
[19] C. H. Chang and T. M. Hong, arXiv:0801.3553 (2008)
[20] R. Skomski, R. F. Sabiryanov, and S. S. Jaswal, J. Appl.
Phys. 87, 5890 (2000)
[21] Sample material includes FeMnTiO5 and Fe0.25Zn0.75F2.
Theoretical models can be found in S. Sachdev, N. Read,
and R. Oppermann, Phys. Rev. B 52, 10286 (1995);
A. Sengupta and A. Georges, ibid. 52, 10295 (1995);
N Kawashima and H Rieger, arXiv:cond-mat/0312432
(2003).
